is a key topic in the new generation of cancer research, diagnosis, and prognosis. This is because some miRNAs circulate in human body fluid at extremely low concentrations in the early stages of cancer, and its expression profiling can detect or even classify cancer in the human body. 6, 7 Therefore, highly sensitive miRNA detection with a portable device will open a new field of point-of-care testing (POCT) in early-stage cancer diagnosis. [2] [3] [4] [5] [6] [7] [8] [9] [10] There are several requirements in point-of-care (POC) diagnosis besides high-sensitivity, i.e., easy operation, high reliability, no need of sample pretreatment, a short detection time, and small sample volume. Detection time should, ideally, be less than an hour with a sample volume of less than a few microliters. These detection processes should be carried out in a portable, compact device, which does not require bulky equipment or trained personnel to operate; thus, facilitating its use in resource-poor environments. None of the current technologies meet all of the requirements for POC diagnosis.
Major technical methods for miRNA profiling, such as quantitative polymerase chain reaction (qPCR), deep sequencing, and oligo-microarrays, have their own strengths and weaknesses. 11 Sequencing is probably the best technology for discovering novel miRNAs and analysis of small variations; for differentiation of isoforms or very similar miRNAs, sequencing is the best approach.
State-of-the-art deep sequencing technology enables profiling miRNA signatures in bodily fluids to develop biomarker discovery pipelines. 12 When it comes to sensitive detection and quantification, especially when the sample amount is limiting, qPCR techniques have been the most reliable tools so far. qPCR was originally developed for DNA quantitation 13 and reverse-transcription qPCR (RT-qPCR) was developed, initially, as a technique to amplify distinct nucleic acid sequences to detect and quantify messenger RNAs.
14 Realtime PCR facilitates the simultaneous amplification and quantitation of specific nucleic acid sequences throughout the course of the PCR. [15] [16] [17] Real-time PCR can be used for RNA detection when simultaneously used with RT-PCR, so-called quantitative RT-PCR or RT-qPCR. Stem-loop RT-PCR realized real-time quantification of microRNAs as well as other small RNA molecules such as short interfering RNAs (siRNAs). 18 The limit of detection (LOD) of those qPCR methods is, practically, as low as 10 copies per PCR vessel. 19 Despite its capability of highly sensitive detection and quantification, qPCR methods require a few hours to overnight running time and they must be operated by trained personnel.
Of these technologies, microarray seems to be adequate for future POC diagnosis because it enables economic high-throughput profiling. However, its reliability is relatively low [20] [21] [22] [23] and, as well as the other technologies, it requires running time of at least a few hours to overnight. This is because the incubation time is limited by the free diffusion of sample molecules during surface hybridization. During an incubation of target miRNAs on a microarray chip, immobilized probe DNAs at all probe spots must be hybridized with complementary miRNAs from the sample mixture. The time to reach the steady state is dependent on diffusion-limited mass transport ( Fig. 1(a) ). Thus, to complete this hybridization, it usually requires an overnight incubation. On the other hand, a method using a microfluidic device can drastically shorten the time for all the sample molecules to reach immobilized probe DNAs because the device conveys sample molecules right straight to the probe DNAs by hydrodynamic force in a one-dimensional microchannel ( Fig. 1(b) ). Furthermore, smaller sample volumes are required for microchannels compared to microarrays and PCR tubes. Because of these properties, microfluidic devices have the potential to overcome the issues concerning rapid detection and small sample volume for POC diagnosis that seem to be difficult by existing technologies described in the first paragraph. One of the major challenges with the microfluidic approach is the highly sensitive detection of small and non-labeled miRNAs by surface sandwich hybridization. The other is the fact that microfluidic devices require an external power source and skilled personnel to operate.
Of those devices, the power-free microfluidic device allows self-pumping by poly-dimethylsiloxane (PDMS) air absorption without connecting to an external power supply. This is a significant advantage considering the potential for future POCT applications. The power-free microfluidic device is driven by energy stored in degassed PDMS prior to use. 24 PDMS contains a certain amount of air at atmospheric pressure, which can be evacuated in a vacuum chamber. Air dissolves into the PDMS again when it is brought back under atmospheric pressure. By this air re-dissolution, the solutions are pulled by the reduced pressure in the outlet reservoir. Additionally, the degassing of the device does not have to be performed at the time of the In the case of a microfluidic device, the device conveys target molecules right straight to the probe DNAs by hydrodynamic force in a onedimensional microchannel; thus, the incubation time can be drastically shortened.
operation because the degassed device can be preserved in a gas-tight condition. 25 The power-free microfluidic chip is compact, portable and simple to operate. With those properties, the power-free microfluidic device has a capability to overcome the issues of portability (no need for external power source) and simple operation (no need for skilled personnel).
Here, we describe two key technologies to solve one of the major issues for POCT application, which is highly sensitive detection of non-labeled miRNAs in a microfluidic environment. The first method relies on the coaxial stacking effect of small DNA and miRNA during sandwich hybridization. The second is laminar flow-assisted dendritic amplification used in combination with coaxial stacking-aided sandwich hybridization. Using both technologies, sub-attomole miRNAs are detectable in 20 min by the power-free microfluidic chip.
miRNA Detection by Coaxial Stacking Sandwich Hybridization
Coaxial stacking-aided hybridization supports the affinity and stability of oligonucleotide hybridization. 26, 27 Base stacking is the dipole-induced dipole-dipole interaction between the planar aromatic bases in two contiguous nucleotides. When two neighboring sequences annealed on a longer strand, coaxial stacking at the nick stabilizes the hybridization. 28, 29 If we assume that this is also effective in miRNA-DNA hybridization, utilizing this effect might increase hybridization stability. To confirm its efficiency in miRNA-DNA hybridization, we performed a miRNA detection assay by sandwich hybridization with two protocols on a power-free microfluidic device. In protocol 1, fluorescent labeled probe DNAs were pre-hybridized to target miRNAs in an off-chip tube before injecting them into the microchannel. In protocol 2, target miRNAs were hybridized to probe DNAs immobilized in the microchannel; fluorescent labeled probe DNAs were then injected into the microchannel to hybridize to the captured target miRNAs. For the detailed protocols, conditions, and oligonucleotide sequences, readers are encouraged to refer to the original article. 30 MiR-21 was chosen as a model sequence since it is one of the most well-known miRNA cancer markers. 31, 32 A PDMS microfluidic device with multiple microchannels 100 μm in width and 25 μm in height was used in this experiment (Fig. 2a) . Amino-labeled probe DNAs were selectively immobilized on an aminated glass surface via glutaraldehyde.
With both protocols, fluorescence intensities were observed in the channel containing the target miRNA but not in either the channel with or without the randomly sequenced miRNA (Fig. 2b) . The fluorescence intensities decreased at lower sample concentrations and showed almost no intensity at sample concentrations of less than 0.1 nM (Fig. 3a) . The data points were fitted with the four-parameter logistic function 32 and the LOD was evaluated by the 3σ criterion. As a result, we obtained an LOD of 0.62 and 5.3 nM with protocols 1 and 2, respectively. The lower LOD with protocol 1 suggests that the coaxial stacking effect increased the hybridization affinity of the sandwich construct. This was because the combined ability of the target miRNA and the fluorescent labeled probe DNA hybrids to probe DNA was higher than that of the miRNA alone. The hybridization efficiency, which strongly influences LOD, with protocol 1 was almost the same as that of non-sandwich hybridization between fully-matched probe DNA and fluorescent labeled miRNA under the same conditions (Fig. 3b, full match) . This indicates that coaxial stacking allows for sandwich hybridization efficiency that is approximately the same as that of non-sandwich hybridization even in RNAs as small as 22 bases. Hybridization efficiency between half-matched probe DNA and fluorescent labeled miRNA was as low as that of sandwich hybridization with protocol 2 (Fig. 3b, half match) . This supports the assumption that hybridization efficiency between the immobilized probe DNA and the target miRNA was the limiting factor in protocol 2. Based on this evidence, coaxial stacking was proven to be effective in RNA-DNA sandwich hybridization and can increase the detection sensitivity of oligonucleotides as small as 22 bases by one order of magnitude.
Laminar Flow-Assisted Dendritic Amplification
Laminar flow-assisted dendritic amplification (LFDA) is a signal amplification method for microfluidic analysis of surfacebound molecules. 34 To perform LFDA, we used a microfluidic device with a pair of microchannels arranged in a Y configuration (Fig. 4a) . In LFDA, two amplification reagents, including one fluorescent reagent, were supplied from laminar streams to the surface-bound molecules; these reagents constructed dendritic structures growing over time, thus amplifying fluorescent signals. LFDA is based on the continuous three-phase reaction at the interaction of two laminar streams and a solid surface. Laminar flow is a common phenomenon in microchannels characterized by low Reynolds numbers. 35 When two different solutions are pumped into a microchannel, they are mixed by diffusion at the interface between the two streams (Fig. 4b) . At the contact line between the two streams and the channel ceiling or floor, the components in the two streams are simultaneously and continuously supplied onto the solid surface (Fig. 4c) . 34 FITC-labeled streptavidin (F-SA) and biotinylated antistreptavidin (B-anti-SA) were employed as the two amplification reagents in this study. F-SA and B-anti-SA were supplied separately either in time or space by a Y-channel, otherwise the two reagents might form large aggregates which affects the dendritic amplification. LFDA has been successfully used for on-chip immunoassay 34, 36 and DNA detection, 37 decreasing the LOD by about three orders of magnitude. Therefore, it was expected to decrease the LOD for miRNA detection by surface hybridization by a similar amount.
MicroRNA Detection
We adopted the double-Y design to carry out experiments under two different conditions simultaneously; one for the target miRNA detection and the other for a blank control reference. The signal was amplified by LFDA after trapping the target miRNA by sandwich hybridization. The sandwich construct was designed to take advantage of the coaxial stacking effect. The two reagents (F-SA and B-anti-SA) were supplied from different microchannel branches to a common microchannel, where a biotinylated probe DNA had been hybridized to the sandwich construct. The laminar flow allows rapid and continuous growth of F-SA and B-anti-SA aggregates on the sandwich construct. For details regarding the materials, protocols, and experimental conditions, please refer to the original article. 38 After a certain time, typically around 5 min after the initiation of LFDA, a bright line appeared on the area with the aminated probe DNA in the left channel in which the target miRNA had been supplied (Fig. 5a ). This proved that the LFDA successfully occurred in a target-dependent manner. The fluorescent intensity of this line was adopted as a signal (Fig. 5b) . A parameter for the calibration curve was defined as the ratio of signal over blank reference at the elapsed time when the blank reference started to rise by nonspecific binding. The LOD was evaluated by the 3σ criterion and, as a result, we obtained an LOD of 0.5 pM, which corresponds to 0.25 attomoles, because a sample volume of 0.5 μL was consumed (Fig. 6) . The LOD obtained in this study can be considered a moderate value among existing miRNA detection methods (Table 1 in Ref. 39) . However, this is the first study to achieve this level of LOD in 20 min; most of the existing methods take more than a few hours. Therefore, we have proven that the combination of coaxial stacking and LFDA on a power-free microfluidic device is effective for simple, rapid, and sensitive miRNA detection. The dendritic amplification is a three-phase reaction that takes place only at the intersection between the probe DNA patterned surface and the interface of the laminar flow. (b) Profile of the fluorescent intensity at an elapsed time of 5 min. In LFDA, the fluorescent signal appears in line. We defined the peak intensity in the left channel from the background level as the signal. Similarly, the maximum intensity in the right channel, which is indistinguishable from the fluorescence of bulk F-SA flow in this figure, was used as the blank reference. Modified and adopted with permission. 
Conclusion and Outlook
Two key technologies to achieve rapid and sensitive on-chip miRNA detection were reviewed, providing an overview of new methods for rapid and sensitive miRNA detection from a small sample volume using a power-free microfluidic device. The coaxial stacking effect was proven to be effective in DNA-RNA sandwich hybridization and increased the detection sensitivity by one order of magnitude. LFDA increased the fluorescent signal by three orders of magnitude. Utilizing both technologies, miRNA detection with an LOD of 0.5 pM from a 0.5 μL sample solution, which corresponds to 0.25 attomoles, was achieved in 20 min without the need for a PCR process or enzymatic amplification.
Since miRNA detection by sandwich hybridization was proven capable of multiple sequence detection from a sample solution, 30 the miRNA detection method summarized in this review is a promising technology for cancer diagnosis; each type of cancer is expected to be identifiable from a few corresponding marker miRNAs (see Table 1 in Ref. 7) , which may exclude the need for screening hundreds of sequences with a conventional array chip. For future industrial applications, optical or electrical devices for signal readouts should be miniaturized and integrated on the same chip. Combining this technology with existing electronic devices, such as cell phones, should also be possible. 40 Access with internet through those personal devices might enhance the possibility for POC "personal" diagnosis. Rapidity, simple operation, small sample volume, and portability of the device are ideal properties for point-of-care diagnosis. Therefore, further study with the aim of commercialization might contribute to improved healthcare environments even in resource-poor regions, such as are found in developing countries, and may have both industrial and societal impacts on global health.
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